We studied the effects of ethanol on the levels of norepinephrine, dopamine, serotonin (5-HT) and their metabolites as well as on D1-and D2-like receptors in the rat striatum. Ethanol (2 or 4 g/kg, po) was administered daily by gavage to male Wistar rats and on the 7th day, 30 min or 48 h after drug administration, the striatum was dissected for biochemical assays. Monoamine and metabolite concentrations were measured by HPLC and D1-and D2-like receptor densities were determined by binding assays. Scatchard analyses showed decreases of 30 and 43%, respectively, in D1-and D2-like receptor densities and no change in dissociation constants (Kd) 48 h after the withdrawal of the dose of 4 g/kg. Ethanol, 2 g/kg, was effective only on the density of D2-like receptors but not on Kd of either receptor. Thirty minutes after the last ethanol injection (4 g/kg), decreases of D2 receptor density (45%) as well as of Kd values (34%) were detected. However, there was no significant effect on D1-like receptor density and a 46% decrease was observed in Kd. An increase in dopamine and 3,4-dihydroxyphenylacetic acid (DOPAC), a decrease in norepinephrine, and no alteration in 5-HT levels were demonstrated after 48-h withdrawal of 4 g/kg ethanol. Similar effects were observed in dopamine and DOPAC levels 30 min after drug administration. No alteration in norepinephrine concentration and a decrease in 5-HT levels were seen 30 min after ethanol (4 g/kg) administration. Our findings indicate the involvement of the monoaminergic system in the responses to ethanol.
Introduction
Acute or chronic alcohol consumption interferes differentially with transmission processes in the central nervous system, affecting many if not all of the known neurotransmitter systems (1) . However, the mechanisms by which ethanol produces its effects within the central nervous system are only now beginning to be understood (2) . It is possible that the behavioral effect of ethanol is related to the dopaminergic system. However, dopamine release is likely to be secondary to GABAergic receptor activation by ethanol.
The results of studies of the effects of repeated ethanol administration on dopaminergic D1-and D2-like receptors appear contradictory and inconclusive. Thus, Lograno et al. (3) demonstrated that an 8-week ethanol treatment (3%, v/v) increases the number of dopamine D1 receptor sites in the rat caudate putamen with no alteration in D2 receptor density. Also, Hruska (4) observed that ethanol administered in a completely liquid diet for 21 days produced an increase in the density of striatal D1 or D2 receptors without altering receptor affinity. On the other hand, Pellegrino and Druse (5) demonstrated that rat consumption of a 6.6% (v/v) ethanol-containing lipid diet for 1 month caused a 25% loss of D1 receptors in the nucleus accumbens and no differences in D1 and D2 receptors in the striatum. Similarly, Lucchi et al. (6) observed that chronic exposure to ethanol (6% in drinking water for 25 days) decreased the density of both D1 and D2 receptors in rat striatal membranes.
Administration of ethanol induces release of dopamine and serotonin (5-HT) (7) (8) (9) in the caudate nucleus and nucleus accumbens of freely moving rats, while acute alcohol withdrawal reduces extracellular dopamine concentrations in the nucleus accumbens (10) . These findings strengthened the hypothesis that dopamine is critical for mediating the reinforcing and rewarding effects of the substance in the brain (11) . Clinical studies indicate that 5-HT re-uptake inhibitors exhibit some efficacy in reducing alcoholism (12) . The site of action of the 5-HT re-uptake inhibitors is unknown, but they may be acting somewhere in central reward pathways to modify the action of ethanol (13) .
Because ethanol seems to affect several neurotransmitter systems we determined its effect on rat striatal concentrations of norepinephrine, dopamine and 5-HT as well as its effect on D1-and D2-like receptor density and binding constants in order to identify the mechanisms of the central action of ethanol. Thus, we investigated the effects of repeated daily administration of ethanol for 7 days at two doses and at 30 min and 48 h after the last drug administration on D1-and D2-like receptor densities, and on levels of norepinephrine, dopamine, 5-HT and their metabolites in rat striatum.
Material and Methods

Animals
Male Wistar rats (150-200 g) had free access to a commercial diet (Purina, Campinas, SP, Brazil) and water, and were housed in a room with a 12-h on-and-off lighting schedule. All experiments were performed according to the Guide for the Care and Use of Laboratory Animals obtained from the US Department of Health and Human Services (14) .
Drugs
A 20% ethanol solution (Vetec, Rio de Janeiro, RJ, Brazil) was diluted in distilled water and administered by gavage in volumes of 2 or 4 ml/kg body weight (corresponding to 2 or 4 g/kg, po, respectively). All drugs were of analytical grade.
Treatment
Animals were treated daily at noon for 7 days with ethanol (2 or 4 g/kg, po) by gavage and sacrificed 30 min or 48 h after the last drug administration. Controls received an equivalent volume of distilled water. Biochemical parameters were determined in two conditions: a) in the presence of alcohol in plasma (30 min after the last drug administration), and b) after ethanol removal from the systemic circulation (after a 48-h withdrawal). 4 .76 nM, were used for D1-and D2-like receptors, respectively, in a final volume of 0.2 ml. Reaction media were incubated at 37ºC for 60 min, and the reaction was terminated by filtration through Whatman GF/B filter paper on a cell harvester apparatus from Brandel (Gaithersburg, MD, USA). Filters were washed five times with cold saline, dried in the oven for 2 h at 60ºC, and placed in vials containing 3 ml of a toluene (Vetec)-based scintillation cocktail. Radioactivity was measured with a Beckman LS 100 counter with 61.6% efficiency. Specific binding was calculated as the total minus nonspecific binding in the presence of 5 µM dopamine (Sigma, St. Louis, MO, USA) containing 1 mg/ml ascorbic acid in order to prevent dopamine degradation.
Binding assays
Data are reported as fmol/mg protein (Bmax) and in nM for the dissociation constant (Kd). These parameters were calculated by the Instat Program for PC computers. Protein was determined by the method of Lowry et al. (17) using bovine serum albumin as standard.
Chemical analysis
Animals (7-23 per group) were decapitated, and the striatum was dissected on ice for the preparation of a 10% (w/v) homogenate. Brain tissue samples were sonicated in 0.5-1 ml 0.1 M perchloric acid (HClO 4 ; Qeel, São Paulo, SP, Brazil) for 30 s and centrifuged for 15 min at 26,000 g at 4ºC. Next, a 20-µl supernatant aliquot was injected directly into the high-performance liquid chromatograph (HPLC) column. For the monoamine analyses, a CLC-ODS (M) Shimadzu (Tokyo, Japan) column was used. The mobile phase was 0.163 M citric acid (Vetec), pH 3.0, containing 20 mM EDTA (Vetec), with 0.69 mM sodium octanesulfonic acid (Sigma), as the ion pair reagent, 4% (v/v) acetonitrile (Carlo Erba Reagenti, Milan, Italy) and 1.7% (v/v) tetrahydrofuran (Sigma). Norepinephrine, dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC), 5-HT, 5-hydroxyindoleacetic acid (5-HIAA), and homovanillic acid (HVA) were detected electrochemically using an amperometric detector (Model L-ECD-6A, Shimadzu) by oxidation on a glassy carbon electrode at 0.85 V relative to an Ag-AgCl reference electrode. The amount of neurotransmitters and metabolites in the supernatant solutions were calculated by comparing their peak height with those of standards determined on the same day. Results are reported as ng/g tissue.
Statistical analysis
All results are reported as means ± SEM. For the monoamine determinations, and 
Discussion
Our data indicate down-regulation of D1-like receptors, which was significant 7 days after daily ethanol administration at the dose of 4 g/kg, po, and 48 h after the withdrawal, with no change in the Kd of D1-like receptors. However, 30 min after the last administration of ethanol (and in the presence of ethanol in plasma), the Kd value was decreased and Bmax remained unaltered.
Other investigators (18) examining the effects of chronic ethanol (20% solution) administration after 24-or 48-h withdrawal on D1 receptors from rat striatum also showed a significant decrease in Bmax and no change (19) suggested that chronic ethanol intake for 1, 2, 3 and 4 weeks, followed by a 10-h withdrawal may cause time-dependent bidirectional changes (i.e., 80% decrease, 159% increase, 122% increase and 85% decrease as compared to controls after 1, 2, 3 and 4 weeks of ethanol intake, respectively) in rat striatal D1 receptors. Similarly, there is no consensus regarding the effects of ethanol on D2 receptors, and while some investigators reported an increase (4) others found no difference (6) . A recent study (20) reported smaller increases in D2 receptor binding in the ventrolateral caudate putamen of sensitized mice and no difference in other regions including the nucleus accumbens, olfactory bulb and substantia nigra.
In the present study we demonstrated a significant decrease in [ 3 H]-spiroperidol binding to brain striatum from rats, indicating D2-like receptor down-regulation, with repeated ethanol administration, 48 h or 30 min after drug administration. Except for a decrease in Kd 30 min after the last ethanol administration, no other change was observed. These apparently contradictory results may be due to the different animal strain and experimental paradigms such as, duration of treatment, time of withdrawal, and ethanol doses used (1) . In terms of dopaminergic receptors, prolonged periods of treatment with ethanol leads to specific responses of down-regulation (6,21) based on a general loss of neuroreceptor function. The effects of chronic ethanol self-administration also seem to depend on environmental variables, mainly housing conditions. Thus, it was demonstrated that D2 receptors are down-regulated by chronic ethanol treatment in rats housed in groups but not in socially isolated rats (22) .
We also showed that ethanol significant- ly increased dopamine and DOPAC levels and decreased norepinephrine levels in the striatum after repeated treatment and 48-h withdrawal. However, no alteration in norepinephrine levels was observed 30 min after drug administration. Studies (8) using * * * * doses of ethanol ranging from 1-2.5 g/kg were able to demonstrate an increase in dopamine turnover and release in various brain areas during ethanol intoxication and, conversely, a dramatic decrease in dopamine release during ethanol withdrawal in the nucleus accumbens 2 to 12 h after the last treatment (23) and in the striatum (10) . However, under these last experimental conditions, extracellular dopamine measurements were performed by the microdialysis technique in conscious animals, whereas we determined total striatal dopamine content ex vivo. Gil et al. (24) detected noticeable decreases in dopamine and DOPAC levels in the rat striatum 24 h after ethanol withdrawal, following administration for 40 days. Other results (25) similar to ours demonstrated an increase in striatal dopamine after ethanol withdrawal. Rossetti et al. (10) found a biphasic effect on norepinephrine release in the frontal cortex, and while a low dose (0.2 g/kg) raised norepinephrine outflow, a higher dose (2 g/kg) inhibited its release. These investigators suggested that the decrease in cortical norepinephrine output may reflect the sedative-hypnotic properties of ethanol at high doses, whereas the increased norepinephrine release may represent a biochemical correlate of the arousal and increased alertness elicited by low doses of ethanol. Other studies (26) examining the turnover of norepinephrine and dopamine after 2 or 7 days of continuous ingestion of ethanol observed a reduction of dopamine in the striatum and an increase of norepinephrine in the brain stem about 8 h after ethanol withdrawal. These results suggest that changes in turnover of neurotransmitters in specific brain regions may reflect alterations in neuronal activity resulting from ethanol withdrawal or may be determinants of particular ethanol withdrawal symptoms.
We also demonstrated that after repeated ethanol administration and a 48-h withdrawal there are no changes in 5-HT, 5-HIAA or HVA levels. Although we failed to detect an alteration in 5-HT levels after 48 h of repeated ethanol treatment, a decrease was seen after 30 min of repeated ethanol administration. However, in this condition, increases in dopamine and DOPAC levels were also observed. Additionally, an increase in striatal dopamine and a decrease in 5-HT were simultaneously observed in ethanoldependent rats during ethanol withdrawal (25) . Animal studies have indicated that acute ethanol exposure elevates 5-HT levels within the brain (27) , suggesting either that more 5-HT is released from serotonergic axons or that the neurotransmitter is cleared more slowly from the synapses. However, the general consensus is that there is an inverse relationship between the cerebral serotonergic system and ethanol drinking preference (1) . Recent evidence (27, 28) has shown that levels of brain 5-HT and its metabolites were lower in alcohol-preferring rats than in nonpreferring ones. This observation supports the hypothesis that heavy drinking may partly represent an attempt to normalize 5-HT levels in key brain regions because acute alcohol consumption can elevate 5-HT levels.
It has been shown that drugs of abuse present different effects depending on the dose regimen, time of treatment, and withdrawal period (29, 30) , suggesting that several factors are responsible for differences in the effects of ethanol. Thus, the neurochemical responses to ethanol represent a complex phenomenon influenced by variables including sex, strain, animal species, dose, duration of treatment, and time of drug withdrawal. Finally, we showed that repeated ethanol administration increased dopamine and DOPAC levels and tended to decrease norepinephrine levels in the rat striatum. In addition, down-regulation of D1 and D2 receptors was also observed, indicating that this phenomenon may be a consequence of the increase in dopamine levels in the synaptic cleft. Taken together, these findings indicate the involvement of the monoaminergic system in the responses to ethanol.
